In this paper, a new and more accurate correlation to predict bubble point pressure (P b ) for Middle East crudes by using the genetic alorithm (GA) is attempted. For this purpose, a total of 286 data sets of different crude oils from Middle East reservoirs were used as training data for constructing the correlation. The general form of the correlation was found by several regressive examinations. To improve the correlation, the genetic algorithm was applied. To validate the correlation, 143 data sets of different crudes from Middle East reservoirs which were different from the training data were used as test data for calculating mean absolute relative error (MARE) and correlation coefficient (R 2 ) between the predicted values from the proposed correlation and the experimental values. In addition, the MARE and R 2 were calculated for previous correlation in the test data. The results show that the proposed correlation is more accurate than all of the previous correlations exclusively for Middle East crudes.
INTRODUCTION
The accurate determination of the PVT properties of the reservoir fluids, such as bubble point pressure (P b ), solution gas oil ratio (R s ) and oil formation volume factor (B ob ), is necessary for the formation evaluation of hydrocarbon reserves, reservoir performance, production operations and the design of production facilities (Elsharkawy et al. 1995) .
The PVT properties can be obtained by laboratory PVT tests or estimated by using empirical correlations. Although laboratory results provide a better accuracy where controlled conditions are imposed, the results are heavily dependent on the validity of the reservoir fluid samples, especially when the reservoir has been depleted below the bubble point pressure (Hemmati & Kharrat 2007) . In case no fluid samples are taken, the correlations can be used to https://journals.agh.edu.pl/geol Heidarian M., Karimnezhad M., Schaffie M., Ranjbar M. the majority of the current correlations have been proposed for specific regions. In addition, Table 2 shows that the used oil PVT properties of each region are different from those of the others.
Due to regional changes in crude oil compositions and properties, none of the correlations can be applied as an exact universal correlation. In this paper, by using the genetic algorithm, which is one the most powerful techniques of artificial intelligence in optimization, a new and more accurate correlation to predict P b of Middle East crudes has been proposed. 
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METHODOLOGY
In this study, the genetic algorithm (GA) was used as the main tool for developing the correlation. The genetic algorithm is one of the powerful techniques of artificial intelligence in terms of optimization. Optimization is the process of adjusting the inputs to or characteristics of a device, mathematical process, or experiment to find the minimum or maximum output or results (Alenoghena et al. 2013) . GA, which is based on the genetic process of biological organisms, is used to find a solution to a problem called objective function. A generated solution by the GA is called a chromosome and a collection of chromosomes is called a population. A chromosome is composed of genes. These chromosomes will undergo a process, which is called fitness function, to measure the suitability of the solution generated by GA with the problem.
in the population, which has a higher fitness value will have a greater probability of being selected again in the next generation. After several generations, the chromosomes value will converge to a certain value which is the best solution for the problem (Mitchell 1999) . Figure 1 shows the flowchart of the genetic algorithm. The GA could be used for solving both constrained and unconstrained optimization problems (Karimnezhad et al. 2014) . Furthermore, it can be applied to solve a variety of optimizations of problems that are not well suited for standard optimization algorithms (especially, problems in which the objective function is highly nonlinear).
In this paper, GA is applied to minimize the objective function to improve the accuracy of the proposed correlation. The proposed correlation is described in section "Verification of correlation". (Ravandi et al. 2014) Some chromosomes in the population will mate through a process called crossover thus producing new chromosomes named offspring which its genes composition is the combination of their parent. In a generation, a few chromosomes will undergo mutations in their gene. The chromosome
DEVELOPMENT OF THE NEW CORRELATION
Different Middle East oil fields were selected for this study. From these oil fields, 429 laboratory PVT analyses data were obtained and used. The data sets were extracted from various papers (Glaso 1980 , Al-Marhoun 1988 , Dokla & Osman 1992 , Ghetto et al. 1994 , Gharbi & Elsharkawy 1997 . The data sets were divided into two groups: one group including 286 data sets used as training data for constructing the correlation, and the other including 143 data sets used as test data for the correlation validation. The training and test data were selected randomly. The data consists of the reservoir temperature, bubble point pressure, oil and gas specific gravity and solution gas oil ratio within the ranges as shown in Table 3 .
Bubble point pressure (P b ) is a function of solution gas oil ratio (R s ), temperature (T), oil gravity (γ o ) and gas gravity (γ g ); in other words:
For constructing an appropriate correlation, the training data sets were used. Several cases were examined to find an appropriate correlation between these parameters for P b prediction. After several regressive examinations, it was found that there is a powerful relationship between the independent parameters (T, R s , γ o , γ g ) and P b as equation (2) (Fig. 2) :
The correlation between experimental values and predicted values from equation (2) in the test data has been shown in Figure 3 .
By the trial and error method, it was found that the accuracy of the equation (2) can improve if it is rewritten as equation:
Fig. 2. Relationship between the independent parameters (T, R s , γ o , γ g ) and P b (training data)

Fig. 3. The correlation between experimental P b values and predicted P b values from equation (2) (test data)
It is obvious that the accuracy of correlation (3) will be maximized if the constants a 1 through a 6 are optimal. To determine the constants a 1 through a 6 optimally, GA was applied. GA is one of the artificial intelligence techniques which can be used for both linear and nonlinear optimizations. GA minimizes the objective function. Objective function (or fitness function) is the function that must be optimized. To determine the constants a 1 to a 6 using GA, the fitness function is defined as equation: In equation (4), P b_experimental and P b_predicted are the experimental P b and the predicted P b by equation (3), respectively. Moreover, n is the number of the used data, a 1 to a 6 are the constants which are predicted by the GA.
Parameters used to perform genetic algorithm are listed in Table 4 .
The constants a 1 to a 6 were defined as vectors in order to accelerate the algorithm performance. In this case, the fitness function is called once instead of being called for each member and, therefore, its performance accelerates. The "fminsearch" which is a hybrid function was used to improve results obtained from the GA. After the end of the GA, the "fminsearch" which is an optimizer function uses genetic algorithm end point as its own starting point and is executed. This function improves the results.
Training data were used as input of GA to determine the constants a 1 through a 6 . After adjusting the algorithm, it was run and the parameters were obtained as follows: a 1 = 6.15, a 2 = 1.015, a 3 = 1.05, a 4 = 1, a 5 = 1.5, a 6 = 1. Figure 4 shows the experimental and predicted P b from correlation (3) versus oil gravity in the training data. According to Figure 4 , performance of the correlation (3) is not acceptable when the oil gravity is more than 27°API. To solve this problem, the training data were divided into two groups based on the value of the oil gravity; one group included the training data sets with an oil gravity less than 27°API, and the other included the training data sets with oil gravity more than 27°API. Then, the GA were reused to determine the constants a 1 through a 6 for training data sets with oil gravity more than 27°API. The final results are listed in Table 5 . Figure 5 shows the experimental and predicted P b from the proposed correlation (based on the constants a 1 through a 6 which are listed in Table 5 ) versus oil gravity in the training data.
RESULTS AND DISCUSSION
In this study, a new emprical correlation was proposed to predict the bubble point pressure (P b ) for Middle East crude oils. The genetic algorithm (GA) is the dominant tool used for developing the correlation. GA is a tool, which can be used for both linear and nonlinear optimizations. The initial form of the correlation was obtained by regressive examinations (Fig. 2) . To improve the accuracy of the proposed correlation, training data were divided into two groups based on their oil gravity (one group included the training data sets with oil gravity less than 27°API, and the other included the training data sets with oil gravity more than 27°API) and the GA was used for optimization the constants of the correlation (constants a 1 through a 6 ). The proposed correlation and its obtained constants are listed in Table 5 .
The correlation coefficient (R 2 ) between the experimental values and the predicted values from 
VERIFICATION OF CORRELATION
For the verification of the proposed correlation, test data including 143 data sets were used. Figure 5 shows the experimental and predicted P b from the proposed correlation (based on the constants a 1 through a 6 which are listed in Table 5 ) versus oil gravity in the test data. In addition, the correlation between experimental values and predicted values from the correlation in the test data is shown by Figure 6 . According to the results presented in Figures 6 and 7 , it seems that there is an acceptable agreement between predicted P b values from the proposed correlation and the experimental P b values. the proposed correlation in the test data was 0.874, which reveals an acceptable agreement between the predicted and experimental values (Fig. 7) . To evaluate the accuracy of the proposed correlation, Mean Absolute Relative Error (MARE) was also calculated. The MARE of the correlation in the test data was 0.1624. In addition, the MARE and R 2 were calculated for previous correlation in the test data (Tab. 6). A comparison between the MARE and R 2 of the proposed correlation and previous correlations shows that the proposed correlation is much more accurate than all of the previous correlations.
The proposed correlation was developed for Middle East crudes. However, because it is more accurate than all of the previous correlations, it could be used as a universal correlation for the prediction of bubble point pressure. 
CONCLUSIONS
1. In this study, a new empirical correlation has been proposed to predict the bubble point pressure (P b ) for Middle East crude oils. The genetic algorithm (GA), which is one of the most powerful techniques of the artificial intelligence in optimization, has been used to develop the correlation. 2. The proposed correlation is a nonlinear function of temperature, solution gas oil ratio, and oil and gas gravity. To evaluate its accuracy, the Mean Absolute Relative Error (MARE) and correlation coefficient (R 2 ) between predicted values from the proposed correlation and experimental values in the test data were calculated. The MARE and R 2 in the test data were 0.1624 and 0.874, respectively. 3. The comparison between the MARE and R 2 of the proposed correlation and previous correlations shows that the proposed correlation is more accurate than all of the previous correlations. 4. The correlation was developed exclusively for Middle East crudes. However, because it is more accurate than all of the previous correlations, it could be used as a universal correlation for the prediction of P b .
